Objective: It was the aim of our study to describe repolarizing currents in ventricular myocytes isolated from children with tetralogy of Fallot. This is the first report on outward currents in ventricular myocytes from children. Methods: Ventricular myocytes were isolated from tissue samples of the outflow tract of the right ventricle which were obtained during corrective surgery of tetralogy of Fallot. Action potentials and whole-cell currents were recorded with the patch clamp technique at a temperature of 36-378C. Results: The mean resting potential was 271.761.92 mV, action potential amplitude was 11062.96 mV and action potential duration at 90% repolarization was 794699.5 ms (n512). In four out of 12 myocytes early afterdepolarizations (EADs) were observed. Upon hyperpolarization 21 Ba -sensitive inward currents similar to the inward rectifier current (I ) could be observed. The current density at 2120 mV was K1 222.862.47 pA / pF (n514). A transient outward current (I ) could be recorded in all myocytes studied, the current density varied from to1 0.3 to 8.6 pA / pF with a mean of 3.7760.47 pA / pF at 140 mV (n538). Recovery of I from inactivation was fast (70% recovery within to1 100 ms), rate-dependent reduction amounted to 38.2% at 4 Hz. A delayed rectifier current was seen in only two out of 38 myocytes (rapid component I ). Conclusions: The electrophysiological characteristics of right ventricular myocytes isolated from children with tetralogy Kr of Fallot resemble in most cases subendocardial myocytes from adults. The most prominent difference is a fast recovery from inactivation as well as a small rate dependent reduction of I . The observed EADs may have clinical implications.
Introduction
component of I (I ) [12] , the rapid component of I (I ) K Ks K Kr [12] [13] [14] and I [7, 8, 15] . On the other hand, ionic currents
K1
In general, ventricular repolarization is the result of the underlying ventricular repolarization in infants have not combination of various different inward and outward been studied. It was the aim of this study to characterize directed currents. The contribution of individual currents to the outward currents responsible for repolarization in the repolarization process depends on the origin of the isolated ventricular myocytes from infants with tetralogy myocyte [1,2] and age of the patient [3-5] resulting in of Fallot (TOF) at a physiological temperature. TOFdifferent action potential shapes [2] and different responses patients are often susceptible to life threatening arrhythto pharmacological treatment. Outward currents in human mias and late sudden death [16] [17] [18] [19] whereby the underlyventricular myocytes from adults have been studied in ing mechanisms are unknown at present. Studies on detail by various investigators. These studies have demoncellular electrophysiology of TOF myocytes are of parstrated the presence of I [1,2,6-11], I [7] , the slow ticular interest because corrective surgery of TOF is a to K source of ventricular tissue from infants. 
Methods
I is almost completely inactivated. Interference with Na calcium currents [21] was omitted by the use of 0.1 2.1. Preparation of cardiomyocytes mmol / l CdCl and a low CaCl concentration of 0.1 2 2 mmol / l in the extracellular solution [23] . Pieces of tissue from the right ventricular outflow tract were obtained from nine children (age: 30.669.2 months; 2.3. Solutions range 16-91 months) during corrective cardiac surgery. This procedure was approved by the ethical committee of For action potential recordings the myocytes were the Karl-Franzens-University Graz and conformed with the superfused with the following external solution (in mmol / principles outlined in the Declaration of Helsinki (Carl): NaCl 137, KCl 5.4, CaCl 1.8, MgCl 1.1, NaHCO 2 2 3 1 diovascular Research 1997;35:2-3). The cell isolation 0.4, HEPES / Na 10, D(1)-glucose 5.6, adjusted to a pH procedure, based on a method developed by Jacobson et al.
of 7.4 with NaOH. The pipettes were filled with a solution [20] , was described previously [21] . The isolated myocytes of the following composition (in mmol / l): KCl 110, ATP/ penicillin (50 IU / ml) and streptomycin (50 mg / ml) and adjusted with KOH to a pH of 7.4 (estimated free [Ca ], 28 were placed in an incubator at 378C. Experiments were 10 mol / l). performed 3-24 h after cell isolation. Only quiescent
The composition of the extracellular solution used for rod-shaped myocytes with clear cross striation were used potassium current recording was (in mmol / l): NaCl 137, for experiments.
KCl 5.4, CaCl 0.1, MgCl 1.1, CdCl 0.1, NaHCO 0.4, 2 2 2 3 1 HEPES / Na 10, D(1)-glucose 5.6, adjusted to a pH of 7.4 2.2. Recording technique with NaOH. In some experiments BaCl (1 mmol / l) was 2 added to the extracellular solution in order to inhibit I K1 When placed in the experimental chamber the myocytes (indicated in the text). were continuously superfused with extracellular solution at 36-378C. Action potential and current recordings were 2.4. Statistics performed using a List L / M EPC-7 amplifier (List Electronics, Darmstadt, Germany) in the whole cell patch All data are expressed as mean6S.E.M. Pearson correlaclamp technique [22] . When filled with internal solution tion coefficient and two-tailed t-test were calculated by patch electrodes had resistances from 2 to 4 MV. Electrode using SPSS software (SPSS Inc. Chicago, USA). A value potentials were zeroed before sealing the pipette. For of P,0.05 was considered significant. action potential recordings the myocytes were stimulated with minimal superthreshold current pulses of 5-ms duration at a frequency of 0.5 Hz and the voltage signals were 3. Results stored on video tapes using a PCM audioprocessor (Sony, 501). For action potential data evaluation the signals were Right ventricular myocytes isolated from children with transferred to a personal computer using Axotape software tetralogy of Fallot were rod-shaped with average dimen-(Axon Instruments, Foster City, USA) and analyzed offsions of 78.661.41 mm for length (l) and 17.860.48 mm line.
for width (w) yielding a mean l / w ratio of 5.060.13 For generation of voltage pulses, current recording and (n5274 cells). The myocytes showed clear cross striation current-data evaluation pCLAMP 5.5.7 (Axon) and a and were quiescent in extracellular solution containing 1.8 21 21 digidata 1200 interface (Axon) were used. Whole cell mmol / l external Ca (without Cd ). The cell membrane currents were low-pass filtered at 3 kHz.
capacitance determined in 62 myocytes was 80.465.92 pF. Cell capacitance was calculated by integration of the current flowing in response to a 10-mV hyperpolarizing 3.1. Action potential recordings step from 250 mV (10 ms). To correct for variations in cell size current amplitudes were divided by the cell membrane Action potentials were studied within 8 h after cell capacitance (C ) and expressed as current density (pA / isolation. After breaking the patch and using the current m pF at negative potentials) and 1.1960.23 pA / pF at140 mV (n514). When the myocytes were clamped to potentials between 250 and 2140 mV (3000 ms, holding potential 240 mV) a current with a time course typical for the inward rectifier potassium current (I ) could be recorded (Fig. 3A) . The K1 mean current density of the peak inward current was 222.862.47 pA / pF at 2120 mV (n514). At potentials more negative than 2120 mV the inward current showed time dependent inactivation. The I-V relationship of the peak inward current at 36-378C (open symbols, n514) and room temperature (20-228C, closed symbols; n56) shown in Fig. 3B . In all myocytes tested (n53) a slowly activating inward current which may represent the pace-2 differences in APD are shown. EADs as shown in Fig. 1C maker current (I ) was observed in the presence of Ba . f were found in four out of 12 myocytes (compare Ref. [21] ). These differences in the action potential shape might be the consequence of differences in the repolarizing 3.3. Transient outward current I to1 currents.
The calcium independent transient outward current (I )   to1 was studied with 300 ms depolarizing pulses between 240 3.2. Steady-state current and 160 mV using a holding potential of 280 mV and a 50-ms prepulse to 240 mV in order to inactivate the To determine the steady state I-V relationship the sodium current I . At potentials positive to 220 mV a fast Na myocytes were clamped for 5 s (frequency 0.1 Hz) to activating outward current could be observed that decayed potentials between 290 and 160 mV in steps of 10 mV to a sustained level at the end of the pulse. I could be to1 using a holding potential of 280 mV. Steady state current inhibited by micromolar concentrations of 4-aminopyridine was measured at the end of the 5-s clamp pulses. Fig. 2 (not shown). The amplitude of I was determined as the to1 shows the I-V relationship (pA / pF) of the steady state difference between the peak outward current and the current obtained from 14 cells. The steady state current current at the end of the clamp pulse. The sustained current reversed at 272.5 mV being inward directed at more at the end of the pulse is referred as I to distinguish it late negative and outward directed at more positive potentials. from the (sustained) ultrarapid delayed rectifier current The slope conductance at the reversal potential was 6. 45 (I , I , I ) which is present in human atrial cells sus so Kur nS. The steady state I-V relationship displayed a region of [11, [23] [24] [25] . A contribution of a calcium-dependent type of negative slope at potentials between 260 and 240 mV. transient outward current (I ) can be ruled out because (i) to2 21
The current density was 22.5360.60 pA / pF at 290 mV, the extracellular Ca -concentration was reduced (0.1 0.3560.07 pA / pF at 260 mV (maximum outward current mmol / l), (ii) the calcium channels were blocked with a monoexponential function yielding a mean inactivation time constant (t ) of 10.960.87 ms at 140 mV (n515). 
where I is the normalized current, V is the membrane potential, V is the voltage of half-maximal activation and 
Steady state inactivation of I to1
The steady state inactivation of I was studied using a to1 double-pulse protocol. From a holding potential of 280 half-voltage of inactivation of 229.660.68 mV and a slope external Cd (0.1 mmol / l), and (iii) EGTA (11 mmol / l) factor of 6.2260.60 mV (n511). was added to the pipette solution for buffering intracellular 21 Ca .
I could be recorded in all myocytes (n538) from all 3.5. Recovery from inactivation of I to1 to1
patients but showed marked differences in current density (even in myocytes from the same patient) ranging from 0.3 Recovery from inactivation was studied with a double to 8.6 pA / pF with a mean of 3.7760.42 pA / pF at 140 pulse protocol. A conditioning pulse from a holding mV. Fig. 4 illustrates representative current traces (given as potential of 260 to 140 mV (duration 400 ms) was current density, panel A,B) and the current voltage relafollowed by a 100-ms test pulse to 140 mV, the pulse-pair tionship of I and I (panel D). When the current being separated by intervals ranging from 10 to 20 000 ms density was found to weakly correlate with I current was plotted versus the interpulse interval (Fig. 7B, n59 ). To study the use dependent properties of I depolarizto1 ing steps from 260 to 140 mV with a duration of 150 ms were generated at a frequency of 4 Hz. Fig. 8A shows current traces in response to the first, second and 25th 26.0 mV and a slope factor (k) of 5.9 mV (Fig. 9B) . It has 38.268.8% (n56) and showed marked variations between to be mentioned that I was not blocked during these to1 individual myocytes ranging from 11 to 63%. These data experiments (I inhibitors like 4-aminopyridine may also to1 as well as the recovery of I , suggest that this current affect I ) and that I inactivation may have partially
contributes to repolarization even at fast heart rates. overlaid I activation. Therefore the activation time-course K of I was only estimated from tail current recordings (see tested with this protocol only two cells showed this type of was extremely fast, tail currents could be recorded upon current. Current traces, from a myocyte where I was repolarization. Tail current amplitudes were dependent on K identified, in response to depolarizations between 230 and the duration of the depolarizing step. In Fig. 10B the 160 mV (5000 ms) followed by repolarization to 240 mV normalized amplitudes (circles) of the tail currents are plotted versus the duration of the activating pulse. The solid line represents the result of a monoexponential fit of these data which yielded an activation time constant of apply statistical testing to this data set. However, our 102.7 ms. It can be seen, that I activation determined by results suggest that I may be affected in cell culture.
K K1 tail current analysis was complete within 250 ms suggesting that the activated current was due to the rapid component of the delayed rectifier (I ).
Discussion

Kr
Various studies reported repolarization characteristics in 3.9. Influence of cell culture conditions ventricular myocytes from adult hearts [1,2,6-15,29-31] whereas repolarizing currents of ventricular myocytes from To allow recovery from cell isolation the myocytes were infants have not been investigated. This report provides the kept under primary culture conditions. Cell culture confirst analysis of repolarizing currents in ventricular ditions may affect myocyte properties as described for myocytes isolated from infants. Because voltage dependent guinea pig and rabbit ventricular myocytes [26] [27] [28] . A ion currents are extremely temperature sensitive the experidecrease of C which was associated with the loss of ments were performed at a physiological temperature. m t-tubules during 24 h of cell culture were described. Moreover, a decrease of transmembrane currents was 4.1. Action potentials reported [27] . To evaluate possible influences of culture conditions on TOF myocytes we have compared C , as
The recorded resting potential of 272 mV is in the m well as current density of I and I from myocytes range of values described in adults (271 mV [13] ; 279 to1 K1 which were kept in culture for 3-8 or 18-24 h ( prolongation of the APD (probably resulting from reduced since our data suggest a decrease of I in cell culture.
K1
outward currents) and an alteration of inward currents Various cloned potassium channels give rise to currents (most likely L-type calcium current, I
) are assumed to similar to the cardiac I and recently the m-RNA for four
generate EADs [32] . As described previously [21] we of these inward rectifier potassium channel subunits were found a large I window current in TOF myocytes found to be present in the ventricle of adults [37] . Which of Fig. 1 ), values similar 140 mV) as described in adults [7] . The activation time to 272.5 mV as found in the present study.
constant derived from tail current analysis was 102.7 ms, a Outward current at potentials between 260 and 240 value reported for activation of I (140 ms [13] . ActivaKr mV (0.35 pA / pF at 260 mV), which is believed to be tion time course of I strongly depends on the experimenKr carried by I , was comparable to published values. In tal conditions as described by Iost et al. [14] who found K1 adult myocytes Amos et al. [11] described a maximum slowing of I activation (657 vs. 31 ms) in the presence of Kr 21 outward current density of 0.2 pA / pF at 244 mV;
Cd . The V of I activation in TOF myocytes (26 mV) 1 / 2 K Konarzewska et al.
[10] an I current density of 0.09 and is similar to the value described for I in undiseased adult K1 Kr 0.07 pA / pF at 260 mV; Beuckelmann et al. [7] an I ventricular myocytes (25.7 mV) [14] suggesting that I K1 Kr 2 current density of 0.36 mA / cm (0.36 pA / pF assuming a underlies the observed I in TOF myocytes, but it was less K negative than previous published values (214 mV [12] , potassium channels [41] as shown for developmental 21 changes in the expression of I channel isoforms [42, 43] . 229.9 mV [13] ). It has to be taken into account that Cd , to1 Moreover, differences in the biophysical properties of I as used in the present study, also causes a positive shift of to1 may reflect alterations of b-subunits [44, 45] . Whether or I activation voltage [14, 38] . In only one study I was Kr Ks not the observed differences in ventricular I between found to be present and a V of activation of 9.4 mV was to1 1 / 2 infants and adults can be attributed to differences in described [12] . In undiseased human ventricular myocytes channel expression requires further investigation. Iost et al. [14] did not find evidence for the presence of I Ks which raises the question about presence and role of I in Ks 4.5. Physiological implications the human ventricle [39] . Due to the rare occurrence we did not attempt to elucidate the subtype of I pharmaco-K The described electrophysiological properties of TOF logically. The predominant lack of I in the present study K myocytes are difficult to interpret from a clinical point of can not be attributed to the experimental conditions since view since control data from healthy children are not using the same recording techniques a large and stable I K available. Right ventricular hypertrophy is one of the can be recorded in guinea pig myocytes (our unpublished clinical features of TOF, thus these myocytes may repreobservations). At present it is not clear whether the limited sent an interesting model of human ventricular hyperpresence of I is a property of ventricular myocytes from K trophy. It is generally believed that hypertrophy (and heart TOF-children or if I is affected by the isolation procedure K failure) is accompanied by a 're-expression' of fetal or as described for canine cardiac myocytes [40] .
neonatal genetic programs [46] which may also affect the pattern of sarcolemmal ion channels. Action potential 4.4. Transient outward current I prolongation and reduction of outward currents are well to1 documented effects of hypertrophy [41, 47, 48] . A signifi-I was found in all myocytes studied but showed large cant reduction in I density seems to play an important to1 to1
variations in current density (0.3-8.6 pA / pF). In adult role in these effects [47, 49] . Also in the human heart a ventricular myocytes I density was described to depend decrease of I was also reported to occur during heart to1 to1
on the origin of the myocyte with a large I in myocytes failure [7, 31, 41, 50] and hypertrophy [29] . Since control to1 of subepicardial (and midmyocardial [6] ) and a small I data from healthy children are not available we do not to1 in myocytes of subendocardial origin [1,2]. The tissue used know whether or not outward currents in TOF myocytes for myocyte isolation originates from the endocardium were affected by hypertrophy. However, the occurrence of (outflow tract of the right ventricle), but depending on the EADs in TOF myocytes deserve interest, since a higher thickness of the excised tissue more or less tissue from incidence of EADs, induced by almokalant, was found in deeper layers was also taken for cell isolation. Since the hypertrophied myocytes from dogs with chronic complete excised tissue was rather small any further selection of atrioventricular block, compared to normal myocytes [48] . sampled tissue (e.g. exclusively subendocardial sheet) was
Various types of arrhythmias and late sudden death due not possible. Thus variations in I current density most to arrhythmias were reported for patients with TOF [16-to1 likely reflect differences in the origin of the myocytes. 19, 33] . Besides right ventriculotomy scar, slow conduction Mean I current density in TOF ventricular myocytes was and mechano-electrical alterations due to dilation [51] [52] [53] to1 in the range reported for adult subendocardial myocytes repolarization abnormalities are thought to play a role in [1,2]. Voltage dependence of activation parameters and arrhythmogenesis [54, 55] . Our study provides the first steady state inactivation parameters were also found to be cellular characterization of repolarization in infants with similar as described for adults [1,2,6,9-11]. However, a TOF. Although we have found several putative arrhythmodirect comparison is difficult since most of these studies genic sources at the level of the isolated cell (e.g. EADs, were obtained at room temperature and were performed on heterogeneity in I current density) we do not know 
